Abstract-Incentives for the development of renewable energy have increasingly become an instrument of climate policy, that is, as a means to reduce GHG emissions. This research analyzes the German experience in promoting renewable energy over the past decade to identify the ex post cost of reducing CO2 emissions through the promotion of renewable energy, specifically, wind and solar. To this propose, we calculated the annual CO2 abatement cost for the years 2006-2010 as the ratio of the net cost over the CO2 emission reductions resulting from the use of renewable energy. The net cost is the sum of the costs and cost savings due to the injection of renewable energy into the electric power system. Results show that CO2 abatement cost of wind are relatively low, of the order of tens of Euro per tonne of CO2, while CO2 abatement cost of solar are very high, of the order of hundreds of Euro per tonne of CO2. CO2 abatement cost has changed considerably over the years due to variations of fossil fuels prices, carbon price and the amount of generated renewable energy.
I. INTRODUCTION
In adopting the Climate and Energy Package in 2009, the European Union (EU) made the promotion of Renewable Energy (RE) a distinct element of climate policy. Like the Emissions Trading System (ETS), a companion measure in the Climate and Energy Package, the Renewable Energy Directive implies an additional incentive to increase the RE share and thereby reduce greenhouse gas emissions below what they would otherwise be. Unlike the ETS, the additional incentive is not uniform throughout the EU. Instead, each member state is expected to develop a national "support scheme" to ensure achievement of that member states' share of the EU-wide target of a 20% share of gross energy consumption from RE sources by 2020. Those support schemes can take various forms, but all provide some extra incentive that can be seen as comparable to the carbon price created by the ETS. It is only natural then to ask: what is the implicit carbon price embodied in these RE support schemes? And how do these country-specific implicit carbon prices compare with the price of European Union Allowances (EUAs)?
This paper proposes to answer that question for Germany, the member state that has played as large a role as any in the expansion of RE in the EU. The German Renewable Energy Act (EEG), which came into force in 2000, defined a system of feed-in tariff (FIT) for all renewable technologies that triggered an impressive growth of wind and solar capacity. Wind capacity grew more than four-fold from 6 GW in 2000 to 27 GW in 2010, solar capacity more than twenty-fold from 76 MW in 2000 to 17 GW in 2010 [2] . These two forms of RE are the focus of our study.
To facilitate comparison with the explicit carbon price produced by the ETS, we seek to determine the net cost per ton of CO2 (tCO2) emissions abated as a result of the German RE support scheme taking into account all the relevant costs and cost savings associated with the use of RE. As would be the case with the EUA price, other benefits -whether they are expressed as energy security, innovation, jobs, non-CO2 emissions, etc.-are not included, nor are costs associated with transmission and distribution. The denominator of the cost statistic derived in this paper uses the estimates of the quantity of CO2 abated as a result of injections of wind and solar energy for the years 2006-2010, as estimated by [27] using a deterministic unit commitment model of the German electricity system. 1 Most of the paper is devoted to the numerator: the costs and cost savings associated with the particular form of support provided to RE generation in Germany.
A number of studies have analyzed the costs and benefits of renewable generation on different electric power systems, such as Ireland [5] , UK [3] , Nordic countries [12] , some of them with a specific focus on the intermittency cost of wind [10, 14] . The results from these works are difficult to compare because of the different methodologies, data and scenarios analyzed [11] . In 2005, DENA published an important and comprehensive study on wind deployment in Germany [6] . Among other things, it calculated the cost of CO2 abatement due to wind energy taking into account the cost of FIT. It compares the net cost and CO2 emissions of the system in 2007, 2010 and 2015 between two scenarios: the first one with the future wind capacity remaining the same as in 2003, and second one with a large wind capacity that is developed through the FIT. Results depend on the assumptions made for the fuel and carbon prices. With a carbon price in the range of e5-10 per tCO2, the estimated annual CO2 abatement cost of wind in the years 2007, 2010 goes from a minimum of e56.6/tCO2 to a maximum of e168.0/tCO2. All of these studies take an ex-ante approach. To our knowledge, this is the first paper to estimate the CO2 abatement cost of RE incentives from an ex-post point of view.
With regard to ex-post analyses, several works have analyzed the impact of RE on the electricity price, e.g. [24] for Germany, [23] , [8] for Spain, [16] for Denmark. The analyses 1 With CO2 abatement we always mean a reduction of CO2 emissions in the power generation system, not with respect to the total aggregated CO2 emissions. As CO2 emissions are capped by the EU ETS, the total CO2 emissions are not reduced and the net effect of the injection of RE energy is to displace CO2 emissions from the electricity sector to other ETS sectors.
show that the injection of RE reduces the wholesale price of electricity price, often called the merit order effect, and that the savings can be large enough to exceed the total annual expenditure for FIT, as was the case for Germany in 2006 [24] . Others [8] have found that, although present initially, the merit order effect disappears over time.
There is also a substantial amount of literature availableboth theoretical and empirical -on renewable incentives. The focus of the empirical studies is mostly on the comparison of the different supporting schemes and in their effectiveness to promote the deployment of renewable technologies [18, 25] , but not on their cost to reduce CO2 emissions.
In the remainder of the paper, Section II provides a categorization and general discussion of the costs and cost savings associated with the use of wind and solar energy. Section III describes in detail the methodology used to estimate these costs and cost savings. Section IV presents the results and a sensitivity analysis. Section V concludes.
II. COSTS AND COST SAVINGS OF RENEWABLE

GENERATION
This Section briefly describes the six cost and cost saving components taken into account in calculating the cost of abating CO2 emissions by promoting wind and solar energy in the electricity sector. We also discuss why the meritorder effect is not one of these components. The included components are associated with the cost of generation behind the busbar, that is, excluding the cost that may be incurred in connecting these generating sources to the grid, as well as any costs or cost savings associated with congestion in the operation of the transmission and distribution system.
A. Remuneration to generators
In general, producers of renewable generation are remunerated at a rate that is on average higher than the price at which the electricity they produce could be sold in the wholesale market. This higher remuneration can take various forms, but in Germany, it takes the form of guaranteed FITs or fixed prices whose costs are charged to consumers. Many studies that analyze the cost of renewable generation focus on the generation cost, which in the case of RE consists almost entirely of the initial capital cost and the return on and of the initial investment. While many have commented on the extent to which this cost has been declining, cost data on actual capital outlays are not available for either renewable or competing fossil generation. A more accessible metric is the price paid for the output, which can be expected to cover all relevant costs in well-functioning markets, as well as extra profit and unanticipated losses in some instances. The payments to producers are real expenditures and they are the starting point for devising any relevant metric of cost. In the case of the German FIT, payments are front-loaded and we explain in the subsequent methodology Section how we avoid over-stating this cost in the early years of RE program.
B. Additional cycling costs
Cycling refers to the operations of conventional plants required to respond to load variations and cycling cost is the cost related to them [17] . The increase of energy from intermittent generation reduces the demand for conventional thermal generation and may cause the output of those plants to vary more than would otherwise be the case. In general, cycling costs are increased [22] . Firstly, fossil fuel plants could have more start-ups and shut-downs of production, implying an increase of start-up and ramping costs. Secondly, because of the decrease in the demand for thermal generation, conventional power plants tend to work at a lower capacity factor than the one designed for maximum efficiency. Thirdly, the increase of the cycling activity accelerates component failure and increases maintenance costs. The increase of cycling costs is higher especially when more cycling is required to fossil units that were designed for base-load operation [26] .
C. Additional balancing cost
The electric system needs supply and demand to be exactly balanced at all times. The balancing operation refers to the actions undertaken by the TSO to ensure that demand is equal to supply in and near real time. Due to sudden disturbances, such as unanticipated fluctuations of load or electric short circuits, the system operators must make relatively small adjustments with respect to the scheduled dispatching. The balancing is made by purchasing services from generators or adjustable loads whose costs are paid by consumers in the electricity retail price. The system balancing reserve is the provision of capacity the system operator can deploy for balancing the system in real time. The unexpected fluctuations of intermittent generation increase the variation of supply in the short-term. This implies more balancing operations as well as additional system balancing reserves [20] . The amount of the additional balancing cost due to intermittent generation depends on many factors such as the level of wind and solar penetrations, the quality of weather forecast, the flexibility of the existing generation portfolio, the balancing market rule. With regard to wind, a number of studies have been carried out on the balancing cost. Results indicate that the additional reserve requirement, as a proportion of the wind capacity installed, tends to be relatively small and that the additional balancing cost is about a few Euro per MWh of wind energy, also for high wind penetration [10, 11, 14] . This is because short run fluctuations of wind energy are comparable with other variations of supply and demand [10] .
D. Fuel cost saving
From the perspective adopted in this paper, the fixed price paid in Germany for RE generation buys a joint product: electricity and CO2 abatement. Priority access to the grid, not to mention near-zero variable costs of generation, means that when available renewable generation nearly always displaces conventional fossil fuel generation, typically either coal or natural gas. The cost of the fossil fuel required to generate the electricity thus displaced is a cost saving since it is what would be paid out to produce the same amount of electricity. Consequently, it must be subtracted from the payment to generators to isolate the additional cost for abating CO2 emissions. This cost saving depends on the quantity and prices of the coal or natural gas not purchased, but figuring out what is displaced when wind or solar generation is injected into the grid is not easy. In this paper, the quantity and type of fossil fuel combustion avoided is taken from the simulations of the German electricity system for the years 2006-10 performed by [27] using actual hourly data for load and solar and wind injections, average monthly fuel prices determining dispatch order, and typical technology-dependent, efficiency factors for various levels of load at generating plants. The quantities of each fuel displaced are those indicated by the difference between the scenario calibrated to replicate observed load and injections with the counterfactual scenarios in which the only change is that the RE injections are taken away. The quantities thus indicated are multiplied by the monthly fuel prices to determine the fuel cost savings, or more broadly, what would have been the cost of generating an amount of electricity equal to the RE injection. Since natural gas prices are always higher than coal prices, cost savings are greater per MWh of displaced natural gas generation than for coal generation. Finally, natural gas and coal prices are exogenous and assumed not to be affected significantly by the reduction in demand occasioned by RE injections in the German electricity system.
E. Carbon cost saving
Carbon cost savings are determined in the same manner as the fuel cost savings, that is, as the difference in quantities between the calibrated observed simulation and the appropriate counterfactual, using typical emission factors for the fossil fuel combustion avoided and actual average monthly allowance prices. In contrast to fuel cost savings, carbon cost savings are greater for displaced coal generation than for natural gas generation since the emissions avoided by displaced coal generation are higher than for natural gas. Carbon prices are also treated as exogenous, but the assumption that these prices are not significantly affected by RE injections in Germany is subject to serious challenge. We treat the carbon price as exogenous because of the absence of reliable estimates of the effect of RE injections on the carbon price. Given the likely non-trivial effect of RE injections on EUA prices, the appropriate price for calculating carbon cost savings would be the higher carbon price that would obtain when the RE injections are not present. We discuss the possible effect of this higher price in the Section presenting results and sensitivity analysis.
F. Capacity saving
Developing renewable generation increases generation capacity in the system, although not by the same amount as equivalent fossil-fuel generating capacity since intermittent generation does not provide the same degree of reliability. Nevertheless, the equivalent amount of avoided dispatchable capacity is not zero since on average the amount of fossil generation required is less. Hence some conventional capacity could be retired or, alternatively, less conventional capacity would need to be built in the future. The capacity credit is the amount of conventional capacity that can be displaced by intermittent plants while preserving the same level of system security and is generally expressed as a percentage of the installed capacity of intermittent generators [10] . The capacity saving is the saving in the fixed cost of building or maintaining the conventional capacity no longer needed as a result of the capacity credit. There is a large literature on wind energy addressing this issue (see [10] , [9] , [14] for a comparison of studies). Results show that the capacity credit depends on many factors such as the quantity and distribution of wind, the level of energy storage, the network system; its value differs from country to country. If calculated as percentage of installed capacity, it tends to decrease with penetration of wind energy. All studies agree that the capacity credit is never zero, but that it can be small.
G. Merit order effect
The merit order effect is the reduction of wholesale electricity price as result of the RE injections, which is sometimes argued as a cost savings that should be counted against the subsidy paid for RE [24] . Fig. 1 presents a stylized representation of the effect of injecting RE energy into the electricity system and it is used to explain why the savings resulting from the merit order effect is not included. The line M C represents an approximation of the dispatch order of conventional generation plants on a typical electrical system in which those with the lowest variable or marginal cost are dispatched ahead of high variable cost plants. Absent injections of wind or solar generation, the generation demanded of this set of plants, would be Q, the wholesale price for electricity, P , and the amount paid to generators in the wholesale market, abcd. Of this amount, acd represents variable costs incurred in the generation of Q electricity while abc is the producer's surplus or infra-marginal rents from which capital and other fixed costs are recovered.
When wind or solar generation is injected into this system, the demand upon these generators is reduced to Q RE , the price commensurately to P RE , and the amount paid to these generators, to aefg. The difference in payments to displaced generators is the shaded area of Fig. 1 . Of this reduced payment, one component consists of real costs not incurred, gfcd representing avoided variable/fuel costs, while the other component, bcfe representing infra-marginal rent, is an avoided payment to generators for the fixed costs of the capacity in service.
The first component is identical in concept to the fuel cost savings discussed in Section II-D above. The second is a transfer payment, which may or may not be passed on to final consumers depending on the regulations governing the prices paid by final consumers and provisions for maintaining unused capacity on line. For instance, if the regulatory system guarantees the recovery of fixed costs for generators and abcd is the amount that fully compensates generators for fixed and variable costs of existing capacity, then payments for fixed costs must increase with increased RE injections. Alternatively, if the recovery of fixed costs is not guaranteed, the loss incurred by generators will lead to the retirement of existing unused capacity or a higher threshold price for building new capacity. In fact, the loss of this infra-marginal rent is the origin of the debate about the need for capacity markets or alternative capacity payments to maintain sufficient dispatchable capacity to meet load in the presence of intermittent generation. These are payments for the difference between the capacities that would not be needed should RE generation be dispatchable and that which would no longer be needed notwithstanding intermittency, which is reflected in the capacity credit discussed in Section (II-F) above.
In our cost accounting, we do not include this component of the saving due to the merit order effect on the basis that either it will not be realized at the retail level because of regulatory treatment or some other arrangement will be devised to maintain sufficient capacity to meet demand at all times, and that the capacity credit captures whatever savings are to be achieved as a result of reduced capacity needs. Our treatment is much simpler than including the full merit order effect and then estimating substitute capacity payments. We start from the point that however adequate the current system of compensation to generators without RE is, equivalent compensation will need to be maintained in one form or another for all capacity except that represented by the capacity credit.
III. METHODOLOGY
A. Remuneration to generators
The relevant law in Germany (EEG) provides producers of RE a 20-year guaranteed fixed FIT (in addition to generation in the year of installation), which is different for wind and solar energy. Power producers of wind energy receive an initial high tariff for a period ranging from a minimum of 5 years up to 20 years, and a final low tariff (about 60% lower) for the remaining period. 2 The length of the initial period depends on the characteristics of the power plant. Plant-specific data on how long the producers receive the high tariff are not available, but according to the 2011 EEG-Progress Report published by the German government [1] , more than half of the power plants receive the initial tariff payment over 20 years and more than three-quarters at least for 15 years. The level of the initial and final tariffs depends on the year of installation of the turbines and both are annually reduced by a fixed percentage. For example, wind energy generated by on-shore power plants installed in 2010, is remunerated by an initial and final FIT that are 1% lower than for the energy generated by the power plants installed Since the FIT diminishes in value over time both in nominal and real terms, taking the amount paid for the FIT in a given year would make wind energy appear more expensive in the first years of activities, when the payments are relatively generous, and cheaper in the following years. Consequently, the structure of payments over time requires some equalization to avoid over-and understating cost in the early and later years of the facilities life. We do so in the following way for all capacity installed in a given year.
First, we assume a 25-year lifetime for all solar and wind power plants [15] and estimate remuneration for each vintage based on observed wind or solar generation in each year through 2010 assuming equal annual capacity factors for each in-service vintage and based on an assumed capacity factor for the remaining years of activity of that vintage. 3 Then, that stream of payments is discounted at the fixed rate of 7% and summed to get an initial Net Present Value (NPV) of all the remunerations. 4 Finally, the resulting NPV is converted into a mortgage-like equal annual remuneration by redistributing it over 25 years. We assume that all the installations built before year 2000 (about 4GW for wind and 32MW for solar) were commissioned in year 2000. 5 The equalized remuneration for all turbines in a given year consists of the sum of the equalized payments to each vintage of capacity in service that year. For example, the equalized remuneration for year 2006 is given by the sum of the annualized payments of the vintages built between year 2000 and year 2006 as all capacity constructed from 2000 is still in activity in 2006. All remunerations are calculated in e(2011) in order to take into account inflation. For the period 2000-2011 the average annual historical CPI rate of the German Federal Statistical Office is used 6 while from 2012 we assume a constant rate of 2% (the average 3 We assume that all capacity is installed on the first of January. 4 The existing literature on cost of generation electricity generally uses a cost of capital between 5% and 10% [15] . 5 This assumption is justified because the capacity built before year 2000 was low compared to the capacity constructed between 2000 and 2010 (especially with regard to solar energy), and because the EEG gives FIT also to power plants built before 2000 as if they were commissioned in 2000. 6 www.destatis.de.
annual inflation in Germany in 1990-2011 was 2.17%). For the period from 2010 to the end of the lifetime of the plants, we assume that all power plants have the same capacity factor equal to 18.0% for wind and 8.1% for solar, as the average capacity factors in 2006-2010 [2] .
The price of electricity paid to wind and solar energy depends on the level of FIT for the first 20 years of activity, after that power plants receive remuneration from selling electricity into the market. We assume that the market price of electricity is e50/MWh in real terms (average electricity price 2006-2011 was e47.7/MWh). Due to inflation, the real level of the FIT decreases annually. If it goes below the assumed electricity price, the power producers sell electricity in the market. In other words, producers receive at least e50/MWh of energy generated.
With regard to FIT for wind energy, for the period 2000-2010 our assumption is that all wind power plants received the initial high FIT. For the years after 2010, it is assumed that 50% of power plants receive the initial high tariff for 20 years and the other 50% for 15 years. Regarding FIT for solar energy, we assume that the average FIT earned by all newly installed solar capacity in its first year of activity would be the same for all 20 years.
B. Fuels cost saving and carbon cost saving
For the estimation of the fuel cost saving and carbon cost saving we make use of the model of [27] . The model is a deterministic unit commitment model of the German electricity market for the period 2006-2010. It was developed to estimate the CO2 emission abatement due to RE, which is calculated as the difference in total CO2 emissions in the observable (OBS) scenario, which corresponds to the historical scenario, and the counterfactual scenarios wherein no energy 
C. Additional start-up cost
Regarding cycling costs, the model of [27] considers only start-up costs, which is the cost of the additional fuel needed to start-up the plant. As it was done for fuel cost saving, we calculate the additional start-up cost due to wind(solar) as the difference of start-up costs in the OBS scenario and No Wind(No Solar) scenario.
D. Wind capacity saving
The model of [27] does not take into account the renewable capacity credit and it considers the amount of conventional generation capacity in the No Wind and No Solar scenarios to be the same as in the OBS scenario. In order to estimate the capacity benefit we must estimate how much, when and which kind of conventional capacity is displaced because of the additional wind generation. This kind of assessment would require a detailed analysis of the development of the German system in the next years, which goes beyond the scope of this study. We will therefore estimate the capacity benefit for wind only, based on results from existing literature and on simple and transparent assumptions. Our goal is not so much an accurate calculation of the capacity saving as it is an estimation of its order of magnitude in comparison with other costs and cost savings.
In order to estimate the cost savings for wind from capacity no longer required, we assume that the capacity installed up to 2010 would provide a credit of 7%. One study [4] shows a capacity credit of 6-8% in Germany for wind capacity of 14.5GW, while a capacity of 36GW would have a capacity credit 5-6%. Considering than in 2010 there was a wind capacity of 27GW, a 7% capacity credit is a realistic value. We assume that these cost savings from all wind capacity built before 2010 are realized in 2015. This means that in Germany, in 2015 the constructed conventional capacity will be lower by 7% of the wind capacity installed in the period 2000-2010 than it would be otherwise. We suppose that the wind capacity credit will substitute 70% of coal and 30% of gas. Coal is displaced more than gas because wind power plants need flexible gas-fired generation to cope with wind fluctuations. In order to make an estimation of the economic benefit, we calculate the savings in capital cost and fixed O&M cost of the conventional plants displaced by the wind capacity credit. For the O&M cost, we consider all the years when wind generators are active (envisaging the lifetime of a wind turbine of 25 years). As is done for the equalized remuneration to generators, the NPV of these savings is calculated by discounting and summing them up to the year of installation of the wind capacity at a 7% cost of capital. Subsequently, we annualize them over the lifetime of the wind power plant by redistributing the NPV in a 25 years mortgage using the same interest rate to spread this cost savings over all the tons of CO2 abated over the life of the turbine. Finally the total cost savings for a given year is provided by the sum of the mortgage rates of the capacity in service in that year. For overnight cost, data are from [21] , as to fixed O&M cost, data are from [7] . We consider a capacity factor of 85% both for coal and gas [15] .
E. Additional balancing cost for wind
The model of [27] considers perfect foresight of load and RE and does not take into account balancing cost. However, a number of studies have examined the additional balancing cost due to wind energy. Estimations are in the order of e1-4/MWh of wind energy at wind penetrations of up to 20% [13] . 7 GreenNet project estimates a cost of Germany of e2 per MWh of wind energy with a 10% wind penetration by comparing the system operational costs in a simulation model run with stochastic wind power forecasts and in the same model where the equivalent wind production is predictable and constant [19] . We use this value for our assessment of the balancing cost. As for the capacity saving, our goal is not so much an accurate calculation of the additional balancing cost as it is an estimation of its order of magnitude in comparison with other costs and cost savings.
IV. RESULTS AND COMMENTS
This Section presents the results of our analysis. Section IV-A presents and comments on the CO2 abatement costs of wind and solar energy while Sections IV-B discuss the robustness of these results.
A. CO2 abatement costs Table I shows annual CO2 abatement costs as a result of the injection of wind and solar energy into the system in total and in Euro per tCO2. The net cost is given by the sum of all the costs and cost savings. Average is the average annual CO2 abatement costs weighted over CO2 emission reductions. Positive numbers refer to costs, negative numbers refer to cost savings. The per tonne cost is the net cost for the year divided by the simulated quantity of CO2 emissions reduced in that year.
Three main results can be drawn. 1) There is a large disparity among different costs and cost savings. Equalized remuneration to generators is by far the largest cost; the additional start-up cost and the balancing cost represent just a few percentage of it. 8 Fuel cost saving is the largest savings while carbon cost saving and the capacity saving are much lower although not irrelevant. 2) There is a large difference between the abatement costs of wind and solar energy. While the CO2 abatement costs for wind are of the order of tens of e/tCO2, the abatement costs for solar are of the order of hundreds of e/tCO2. Fuel cost savings per tCO2 are similar for wind and solar energy, being slightly higher for solar than for wind since solar energy is used during the day at peak demand and it displaces mostly gas, while wind is active all day and it displaces gas as well as coal. Comparing these results with the historical annual average EU ETS carbon price, the CO2 abatement costs of wind tend to be higher than EUA prices but of the same order of magnitude (the price of allowances reached levels of e30/tCO2 in April 2006). Moreover, in year 2008 the annual CO2 abatement cost was very close to the average carbon price. On the other hand, abatement costs for solar are always much above any possible realistic prices for the EUA. 3) CO2 abatement cost can change considerably from year to year, particularly for wind where variations by a factor of two can be observed. These changes in net cost 8 In most of the years, the start-up costs are lower in the observed scenario than in the scenarios without wind and solar energy. This unexpected result probably reflects the assumption of perfect foresight with respect to the intermittent RE injections, which would allow for an optimal utilization of the existing generation fleet. In fact, plants continuing in service do experience greater start-up costs; there are just fewer plants starting up and shutting down than when no intermittent generation is present. Still, the start-up costs in all scenarios are much lower than the avoided fossil fuel cost (less than 2%). If we could better estimate the start-up cost and also add all the other cycling cost, these figures would surely be higher; however, they would likely remain much lower than the avoided fuel cost. Likewise the additional cycling cost of wind and solar would remain much lower than the fuel cost saving, and our results would not change much if all cycling costs could be added to our analysis. mostly reflect changes in annual fuel cost saving and carbon cost saving, which are correlated with variations of fossil fuel prices and the carbon price. The year 2008 is the one with the lowest CO2 abatement cost due to a combination of high fossil fuel prices and, with regard to wind energy, a high annual capacity factor.
B. Sensitivity analyses
The results presented in Section IV-A refer to the scenario that considers a 2% future rate of inflation, e50/MWh avearge future electricity price and a 7% cost of capital. Additionally for wind, we assumed that 50% of power plants receive the initial high tariff for 20 years and the remaining 50% for 15 years, and a 7% capacity credit. We calculated the CO2 abatement cost under different assumptions both for wind and for solar (1% inflation, e40/MWh and e70/MWh electricity price, 5% and 10% cost of capital). For wind we calculate the CO2 abatement cost also in scenarios with different assumptions regarding the level of FIT (a High FIT scenario where all the power plants receive the high tariff for 20 years and a Low FIT scenario where 50% of power plants receive the high tariff for 20 years, 25% for 15 years and the remaining 25% for 5 years for on-shore power plants and 12 years for off-shore installations) and the capacity credit (0% and 20% capacity credit). Values of CO2 abatement cost of wind under different scenarios go from a minimum of e38/tCO2 to a maximum of e57/tCO2 and for solar from from a minimum of e521/tCO2 to a maximum of e562/tCO2.
We did not calculate the capacity saving and additional balancing cost for solar, however their impact on the final results would be very small. To show it, we suppose that solar energy has the same additional balancing cost and capacity saving than wind in absolute term, that is the same values shown in Table I . This is a large overestimation as total solar capacity is about two thirds than wind capacity, and solar capacity factor is less than half with respect to wind capacity factor. Nevertheless, under these generous conditions the average solar annual CO2 abatement cost would only increase of less than 7% if we added the additional abatement cost and would decrease of less than 4% if we added capacity saving, remaining on average always around e500/tCO2.
As explained earlier, the unchanged EUA price that we use to calculate carbon cost savings is surely too low, but we can find no modeling that provides an estimate of the changes in demand for allowances on the EUA price. Nevertheless, for purposes of a sensitivity analysis, assumptions can be made. Wind injections in Germany reduced CO2 emissions by amount that varied between 7% and 10% of what emissions from the German electricity sector would have bee, and the demand for allowances in the EU ETS by an amount that was approximately 1% of the two billion ton cap. Even if it could be assumed that a 1% change in demand would have a 10% effect on the EUA price, our results would not change greatly. In most years, the result would be to reduce the per ton cost by about two euros. Of course, we are considering Germany alone and Germany is only one part of an EU-wide policy to promote RE. That EU-wide effect would clearly be larger, but we hesitate to hazard a guess in the absence of both estimates of the EU-wide reduction in demand for allowances due to RE policy and much modeling or estimation of the relationship between changes in demand for EUAs and the effect on price.
All sensitivity analyses performed show that annual CO2 abatement cost for wind remains of the order of few tens of e/tCO2 while CO2 abatement cost for solar remains of the order of hundreds of e/tCO2.
V. CONCLUSIONS
This paper estimates the annual CO2 abatement costs of wind and solar energy in Germany for the years 2006-2010. The CO2 abatement cost resulting from RE is calculated as the ratio of the net cost over the CO2 emission reductions attributed to RE. The CO2 abatement cost of wind for 2006-2010 is on average e43/tCO2, higher than the historical EU ETS carbon price but of the same order of magnitude. On the contrary, the CO2 abatement cost of solar is very high, the average for 2006-2010 is e537/tCO2, much above any possible realistic carbon price. The main cost component is the remuneration to generators determined by the FIT. In comparison, the additional start-up cost and balancing cost are quite small, if not negligible. The main cost saving comes from the avoided fuel cost of the electricity generation displaced by the RE. The other cost saving components -the carbon cost saving and the capacity benefit-are smaller but not irrelevant, particularly in the case of wind. The CO2 abatement cost has changed considerably over the years due to variations in fossil fuels prices, carbon price and the amount of generated RE. The year 2008 is the one with the lowest CO2 abatement cost due to a combination of high fossil fuel prices and, with regard to wind energy, a high annual capacity factor. Under several sensitivity analyses, CO2 abatement costs always remain of the order of few tens e/tCO2 for wind energy, while for solar energy are always above e500/tCO2.
Our analysis only looks at the impact of RE on power generation. We do not take into account costs or cost savings beyond the busbar and we could not incorporate all the cycling costs due to the intermittency of wind and solar energy. Moreover, our analysis did not take into consideration the interaction of the renewable policy support with the EU ETS. Based on the assumption that without RE the carbon price would be higher, the interaction will increase the benefit of carbon saving and decrease the CO2 abatement cost of wind and solar energy.
Our study suggests that if we look at RE only as a climate instrument, and at renewable incentives only as a policy to abate CO2 emissions, the German support for wind energy has induced a reduction of CO2 emissions at a carbon price generally higher than the historically observed EUA price, but on the same order of magnitude especially if we could reliably estimate the effect of the RE injections on the price observed in the EU ETS. On the contrary, supporting solar energy through deployment incentives has proven to be a very expensive way of reducing CO2 emissions.
